The authors describe a novel spectrofluorometric technique based on double-labelled fluorescence imaging using immunoconjugates labelled with fluorochromes. Following isolation and characterization, cells are seeded on the surface of disks of the material(s) to be tested. After application of a primary antibody and an antibody bearing a fluorochrome, the signal emitted by the molecules in the extracellular matrix on the surface of the test disks is measured by spectrofluorimetry. Measurement is thus independent of the surface characteristics of the test material. Measured values are compared with pre-established standard curves. This technique facilitates determination of the characteristic molecules expressed by a given cell type, thus allowing accurate evaluation of the response of pertinent biological samples to implantable biomaterials.
Introduction
Cell cultures are used extensively to evaluate the biocompatibility of potentially implantable biomaterials. The novel spectrofluorometric technique we have developed measures the intensity of the signal emitted by target molecules in the extracellular matrix following application of appropriate immunoconjugates labelled with the fluorochromes fluorescein isothiocyanate (FITC) and tetramethylrhodamine isothiocyanate (TRITC) (Begg et al., 1989; Rat et al., 1993) . This allows accurate determination of the characteristic molecules expressed by various cell types.
To illustrate the interest of this double-labelled fluorescence imaging technique, osteocalcin and type I collagen expression by osteoblasts cultured in the absence and presence of commercially pure titanium (T40) or hydroxyapatite disks were determined. The cell growth curve reflected the quantitative relation between the test material and the number of cells developing over a period of time. Cells cultured on a support giving a positive response served as negative controls. Study design simulated the clinical situation encountered in implant dentistry when titanium or hydroxyapatite-coated implants are placed in the jaw.
Materials and methods

Osteoblast isolation and culture
Human osteoblasts were selected as the target cell in this study. Enzymatic isolation of human osteoblasts by collagenase digestion has been described extensively (Escarrot-Charrier et al., 1983; Maurizi et al., 1983; Nefussi et al., 1985; Peck et al., 1964) . Characterization is based on determination of membrane alkaline phosphatase activity (Aston et al., 1985; Manduca et al., 1993; Smith et al., 1973; Williams et al., 1980) , expression of type I collagen (Beresford et al., 1986; Kasperk et al., 1995; Scott et al., 1980) and osteocalcin (Beresford et al., 1984; Majeska et al., 1985; Price et al., 1976; Rodan et al., 1984; Stenner et al., 1984) , and reactivity to 1,34-PTH (Chavassieux et al., 1990) . As described previously (Doglioli and Scortecci, 1991) , fragments of bone from human mandibles and maxillae obtained during preparation of dental implant sites were immediately placed in Dulbecco's minimum essential medium (DMEM) supplemented with antibiotics (1% penicillin-streptomycin). After washing in PBS, the bone tissue was cut up and digested enzymatically using 1 mg ml −1 collagenase in calcium-and magnesium-free phosphate-buffered saline (PBS).
The supernatant fractions were removed 6 times, at 30 min intervals. The first 3 fractions were discarded. The 4th, 5th and 6th fractions, which essentially contain preosteoblasts and osteoblasts (Wong and Cohn, 1975) , were filtered on a nylon membrane (pore size 40 µ), centrifuged, and counted by the trypan blue viability test. The cells were then placed in 4-well plastic culture dishes in DMEM supplemented with 10% FCS. The dishes were incubated at 37 • C in a humidified atmosphere of 5% CO 2 in air.
In vitro test design
Test disks (dia. 13.5 mm) of commercially pure (CP) titanium (T40) or CP titanium spray-coated with hydroxyapatite were autoclaved for 30 min, then placed in 4-well plastic dishes (2 test wells and 2 control wells per dish). Each well had a diameter of 14 mm.
After a first detachment procedure using trypsin-EDTA, the viability of the osteoblasts destined for biocompatibility studies was determined by cell counts in the presence of trypan blue. The cells were then seeded onto a test disk (titanium or hydroxyapatite) or a plastic culture dish (negative control) (Buser et al., 1991; Doglioli and Scortecci, 1991; Harmand et al., 1984; Hensten-Patterson, 1977; Taylor, 1970) . All of the wells were seeded with 20 000 cells cm −2 in 0.5 ml DMEM plus 10% fetal calf serum (FCS). The cells were seeded on the surface of the disks. No attempt was made to prevent cells from penetrating under the disks because conditions were such that any such cells would quickly die.
All tests were performed in triplicate, and in sufficient quantity for assays on days 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20, i .e. 30 dishes for determinations on titanium, 30 dishes for hydroxyapatite, and 30 dishes for cell counts. The culture medium was renewed every 4 days.
A range of standards prepared with osteocalcin and type I collagen solutions were used for internal 
Immunolabelling
In order to dose the type I collagen and osteocalcin typically secreted by osteoblasts in the extracellular matrix (zone between the surface of the test disk and the cytoplasmic membrane of the cells), specific antibodies (i.e. anticollagen or antiosteocalcin) and antibodies bearing a fluorochrome (excited molecule that emits a measurable light signal) were applied. The signal emitted at the level of each molecule of collagen or osteocalcin was measured by the spectrofluorimeter (Figure 3 ).
Type I collagen
At the indicated times, the culture medium was drained from 3 dishes and the wells were rinsed twice with PBS. The cells for immunolabelling were fixed for 1 h with 0.5 ml of 1% glutaraldehyde in PBS. After two rinses with PBS, the antibodies were applied to the cells. The primary antibody consisted in 100 µl rabbit anti-human type I collagen at a dilution of 1:50 in PBS. After application for 2 h at room temperature, the cells were rinsed three times with PBS. The secondary antibody consisted in 100 µl FITC-conjugated goat anti-rabbit IgG at a dilution of 1:50 in PBS. This antibody was applied for 2 h in a humidified atmosphere at room temperature in the dark. The cells were then rinsed three times with PBS. Three readings were made per well (excitation 495 nm, emission detection 525 nm, gain 60). For internal calibration, the 4 wells of a dish were filled respectively with 150, 100, 50 and 25 µl of type I collagen solution at a concentration of 2 µg ml −1 PBS. The dish was then incubated for 2 h at 37 • C, drained, and rinsed twice with PBS. To each well were then added 200 µl of a solution of 1% bovine serum albumin (BSA) in PBS; the dishes were further incubated for 2 h at 37 • C. After 2 rinses with PBS, each of the wells prepared in this manner was immunolabelled, and results were read in the spectrofluorometer.
Osteocalcin
After fixation of the cells, in the same manner as described for type I collagen immunolabelling, the two antibodies were applied. The primary antibody consisted in 100 µl mouse anti-human osteocalcin at a dilution of 1:100 in PBS. After application for 2 h at room temperature, the cells were rinsed twice with PBS. The secondary antibody consisted in 100 µl TRITC-conjugated goat anti-mouse IgG at a dilution of 1:50 in PBS. After application for 2 h in a humidified atmosphere in the dark, the cells were rinsed three times with PBS.
Three readings were made per well (excitation 552 nm, emission detection 570 nm, gain 60). For Figure 4 . Growth curve of osteoblasts on pure titanium, hydroxyapatite coating and control. internal calibration, the 4 wells of a dish were filled respectively with 300, 150, 100 and 50 µl of an osteocalcin solution at a concentration of 10 −2 µg ml −1 PBS. The dish was then incubated for 2 h at 37 • C, drained, and rinsed twice with PBS. To each well were then added 200 µl of a solution of 1% bovine serum albumin (BSA) in PBS; the dishes were further incubated for 2 h at 37 • C. After 2 rinses with PBS, each of the wells prepared in this manner was immunolabelled, and results were read in the spectrofluorometer.
Cell counts
The disks and the control wells were treated with 0.4 ml trypsin-EDTA for 4 to 5 min. The reaction was stopped by adding 0.1 ml DMEM plus 10% FCS. The suspension was centrifuged for 5 min at 1000 rpm, and the cells were harvested in 1 ml PBS. A trypan blue viability test was performed for each count.
Results
Cell growth (Table 3, Figure 4 ) over the 20-day study period under identical culture conditions was equivalent on the CP titanium and the negative control (plastic dish). In contrast, cell growth on the hydroxyapatite was 20% lower.
Elevated type I collagen synthesis was observed on both biomaterials (Table 4 , Figure 5 ). After 8 days, spectrofluorometry revealed a 130% increase on the titanium and a 28% increase on the hydroxyapatite compared to the negative controls. At completion of the study (day 20), the ratios were 2.4 for the titanium and 1.48 for the hydroxyapatite compared to the negative control. This intense and very rapid synthesis of type I collagen, especially on the CP titanium, led to production of an extensive extracellular matrix on the biomaterials.
Similar observations were made concerning osteocalcin (Table 5 , Figure 6 ). After 8 days, a 10% increase was observed in the osteoblasts grown on the titanium while a 20% increase was seen on the hydroxyapatite. At completion of the experiment (day 20), the ratio between the control (0.22) and the titanium (0.97) was 4.4 versus 3.4 with the hydroxyapatite (0.75).
Discussion
Widely used in oral implantology, numerous in vitro studies on the biocompatibility of CP titanium have confirmed the positive clinical results reported for over 20 yr. Use of hydroxyapatite coatings has been advocated based on the hypothesis that this substance might improve biointegration by providing the host bone cells with a number of mineral elements involved in the metabolism of osteoblasts (phosphate and calcium ions) (Kent, 1986; Krauser, 1990; Rey, 1991) . Under our experimental conditions, alkaline phosphatase activity and osteocalcin expression on the hydroxyapatite disks were always lower than on the CP titanium, but constantly higher than on the negative control. However, both of these biomaterials were well tolerated by the osteoblast model derived and characterized in vitro.
This spectrofluorometric technique facilitated determination of two specific parameters of bone tissue: expression of type I collagen and osteocalcin, the major constituents of the extracellular matrix. Furthermore, these molecules are directly involved in the bone mineralization process, a factor that conditions the long term success of dental implants.
The differences observed between the two biomaterials might be due to the fact that the CP titanium disks had a smooth surface finish whereas the hydroxyapatite was tested in the form of a 50 µ thick coating with a rough surface. Changes in the physicochemical properties of the hydroxyapatite (surface finish, coating thickness, chemical composition, etc.) might thus modify results. However, our study was not designed to compare various surface states, i.e. we were not trying to compare smooth versus rough surfaces.
Spectrofluorometry facilitates biocompatibility studies owing to its reproducibility, reliability and specificity. By improving analysis of specific cell types in direct contact with a biomaterial, this novel technique should contribute to the development of investigations on specific biocompatibility, which up until now have been hindered by technical problems for quantification of the biological elements involved in cell-biomaterial relationships (alkaline phosphatase, collagen, osteocalcin, proteoglycans).
Furthermore, this technique obviates the need for time-consuming and costly chemical treatments. The test conditions closely reproduce actual conditions in the extracellular matrix secreted by the specific cell type under consideration. Additional studies on other biomaterials are warranted to corroborate these initial findings.
